, "Methodology for rapid assessment of blood lithium levels in ultramicro volumes of blood plasma for applications in personal monitoring of patients with bipolar mood disorder," J. Biomed. Opt. Abstract. Bipolar disorder (BD) is a common mental health condition, characterized by extreme changes in mood, energy, and behavior. BD is often managed through mood-stabilizing medications, of which lithium formulations remain the most reliable and effective at reducing the risk of suicide. To achieve adequate and consistent efficacy, lithium concentrations need to be maintained within a narrow therapeutic range (0.4 to 1.2 mmol∕L). Because of its narrow therapeutic index, long-term lithium therapy is associated with serious side effects and risks of toxicity. It is believed that the availability of a personal blood lithium analyzer would benefit patients who are on lithium treatment. We detail the results of a spectrophotometric method performed on ultramicro volumes to determine blood plasma lithium concentrations as compared with reference measurements of flame photometry, and validated in samples of unknown lithium content. Applying multiple linear regression, lithium concentrations could be determined in a rapid manner using full-range spectra or triwavelength data. Both techniques highly correlated with reference standards and could predict lithium levels accurately (R 2 ¼ 0.794214 and RMSEP ¼ 0.209584, and R 2 ¼ 0.863921 and RMSEP ¼ 0.167524, respectively). Therefore, this method can be a useful for rapid assessment of blood lithium in nonlaboratory settings i.e., general practices, hospital clinics, and community health centers by healthcare professionals and/or by patients. Future work will now focus on completion of a miniaturized and integrated system that will deliver a portable and personal lithium-monitoring device.
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Introduction
Bipolar disorder (BD) is a lifelong mental illness characterized by recurrent episodes of hypomania/mania, depression, and mixed affective states, which causes significant functional impairment. 1, 2 In the UK, the prevalence of BD has been estimated at ∼1% of the population, 3 costing the National Health Service (NHS) a total of £342 million in the year 2009/ 2010. 4 Lithium medication has been widely used to prevent relapse or recurrence of BP, 5 and it is recommended as "first line" treatment by The National Institute for Health and Care Excellence (NICE) in September 2014. 5 To be effective, lithium concentrations need to reach a therapeutic level, which ranges between 0.4 and 1.2 mmol∕L. Unfortunately, lithium has a narrow therapeutic index, and toxic effects are apparent at concentrations of ≥1.4 mmol∕L, which can include renal failure, seizures, coma, and even death. 6 Toxicity can occur suddenly as a result of rapid buildup of lithium concentrations (overdose, drug interactions, and physical illness) or due to cumulative high levels during ongoing chronic therapy. 6 Because of these limitations, lithium blood levels need to be monitored regularly in patients treated with lithium to ensure optimum efficacy and adequate tolerability. 7 This is currently done through trimonthly attendance to clinics, where a blood sample is taken and sent to the laboratory for analysis using the standard technique of flame emission photometry (FEP). Nevertheless, levels of treatment nonadherence are high and the quality of contemporary lithium monitoring falls short of NICE guidelines. [8] [9] [10] This has resulted in growing demand for both faster, more efficient methods for determining lithium levels, in both clinical settings and at home. Standard techniques for blood lithium measurement such as FEP or atomic absorption spectroscopy (AAS) are not suitable for such applications because they are laboratory-based, cumbersome, expensive, and complex to operate. 11 Other techniques that have been adapted to suit clinical and home diagnostics include electrophoresis, 12, 13 ion-selective electrodes, 11, 14, 15 and impedance spectroscopy. 16 Ion-selective electrodes can be used for point-of-care testing for determining a range of parameters. The test can involve manual handling that can introduce error, and like impedance spectroscopy, interference with other ions is a possibility even with the recent development of new fluoroionophore (optical sensor), 14, 17 which compromises the specificity and accuracy of the measurement. 18 As for electrophoresis, lab-on-chip devices based on this technique have been implemented for lithium monitoring, and similar to ion-selective electrodes, the technique can assess various blood components in addition to lithium, but minor variations in pH can affect charge and flow of molecules, 19, 20 thus measurements must be carried out under controlled conditions. Reproducibility is another limitation associated with this technique. 20 Several studies using optical techniques such as fluorimetry [21] [22] [23] and spectrophotometry 24, 25 have also been employed in blood lithium measurement. A number of these investigated the use of Quinizarin as a reagent to determine lithium levels in pharmaceutical formulations, 22, 24 blood serum, 24 and saliva. 23 However, the techniques were developed for laboratory use, i.e., to replace current standard methods, or for batch testing, while simplified versions performed measurements on saliva, which is not a reliable vehicle for clinically acceptable patient monitoring.
There is a need for a technique that can provide rapid measurement of blood lithium in clinical settings, such as general practice (GP) services, clinics, and at home in a simple and accurate manner, with the aim of improving quality of care and outcomes for bipolar patients by adding to the compliance of lithium treatment and reducing the possibility of toxicity. This paper details the result of a spectrophotometric method for measurement of blood lithium that has been optimized for the analysis of ultramicro volumes of sample and investigates the use of a triwavelength system as a method for simplification and miniaturization of the system.
Material and Methods
Ethics approval was granted by the Senate Research Ethics committee at City University of London prior to performing tests on samples of human blood plasma.
Reagents and Materials
All experiments were performed with analytical grade reagents, and aqueous solutions were prepared using deionized water. A standard solution of 60 mEq∕L lithium carbonate in saline was prepared by dissolving 221.7 mg of lithium carbonate in 100 mL of water. Subsequently, this was further diluted to make a set of solutions with the following concentrations: 18, 24, 30, 36, 42, 48, and 54 mEq∕L. Additional reagents that were prepared are: 0.1 M of NaOH, 0.25 M of Na 2 CO 3 , 90% ðCH 3 Þ 2 S (DMSO), and 1 mM of Quinizarin in ðCH 3 Þ 2 SO.
A set of eight solutions of lithium Li 2 CO 3 was prepared in saline, with a concentration range of 0.6 to 2.0 mEq∕L in steps of 0.2 mEq∕L. This was carried out by diluting a standard solution of 10 mEq∕L of Li 2 CO 3 . Spiked solutions of blood plasma were prepared using mixed pool blood plasma that was acquired from healthy individuals and obtained from a reliable provider (TCS Biosciences Ltd., Buckingham, UK). Samples of human plasma that have been spiked with lithium were prepared by mixing 1 mL from each reagent of lithium carbonate prepared earlier, i.e., 18, 24, 30, 36, 42, 48, 54, and 60 mEq∕L with 29 mL of blood plasma, thus giving eight samples of 30 mL, with lithium concentrations of 0.6 to 2.0 mEq∕L. Thus, a total of two sets of solutions were prepared with lithium concentration ranging between 0.6 and 2.0 mmol∕L in saline or in blood plasma.
Mixtures of the lithium carbonate solutions made earlier (18 to 60 mEq∕L) were used to prepare an additional set of six blood plasma samples with unknown amounts of lithium.
Testing Procedure
Saline-based solutions were prepared similarly to the procedure outlined by Gracia et al., 24 where an amount of 500 μL from Li 2 CO 3 ∕saline mixtures of concentrations 0.6 to 2.0 mEq∕L was pipetted into a test tube, then were diluted with water to make up to 1 mL. About 100 μL from this was then mixed with 100 μL of 0.1 M NaOH, 10 μL of 0.25 M Na 2 CO 3 , 40 μL of water, 2.15 mL of 90% ðCH 3 Þ 2 SO, and 100 μL of 1 mM of Quinizarin in ðCH 3 Þ 2 SO. For testing of ultramicro volumes of blood (plasma) samples, the above procedure was modified. Instead, an amount of 500 μL from spiked samples of plasma was pipetted into a test tube, then were diluted with water to make up to 1 mL, then 50 μL from diluted plasma was mixed with 100 μL of 0.1 M NaOH, 10 μL of 0.25 M Na 2 CO 3 , 40 μL of water, 2.15 mL of 90% ðCH 3 Þ 2 SO, and 50 μL of 1 mM of Quinizarin in ðCH 3 Þ 2 SO.
Instrument Settings and Data Analysis
A Perkin Elmer Lambda 1050 dual-beam spectrophotometer (PerkinElmer Corp., Waltham, Massachusetts) was used with the TrayCell™ (Helma GmbH & Co., Mulheim, Germany), a device that fits into the standard cuvette position on a spectrophotometer but comprises of prisms and fibers that serve to periscope the light beam up to the sampling window and then back to the detector of the instrument. In this way, the required sample volume is only 4 to 5 μL. The device includes a cap containing a mirror, which determines a constant measuring pathlength. In this case, a pathlength of 1.0 mm was used, and the reagent blank was measured separately then subtracted from the remainder of spectra. Spectra were acquired in the range of 450 to 700 nm at increments of 1 nm, and with a response time of 0.2 s and three running cycles for each sample. Slit width of the detector was fixed at 2 nm, and both reference and sample attenuators were kept at 100%. Preprocessing of acquired data included weighted least squares baseline correction, and Savitsky-Golay algorithms for both smoothing and second derivatives. Calibration models were produced using the multiple linear regression method using blood plasma samples of known spiked concentrations of lithium. The model was optimized by application of mean centering and internal cross validation (random subset). Data from blood plasma samples with unknown spiked lithium concentrations were used for validation.
The MATLAB ® software (MathWorks Inc., Novi, Michigan), and the PLS-toolbox (Eigenvector Research Inc., Manson, Washington) MATLAB ® add-on were used to perform spectral preprocessing and regression analysis.
Results and Discussions
The recorded FEP measurements of saline solutions, which were prepared to give Liþ of 0.6 to 2.0 mmol∕L, are shown in Table 1 . These were carried out initially, and acquired readings were used to extrapolate molar lithium concentrations that were used as a reference. The corresponding spectral data is shown in Fig. 1 . Similar to results reported previously, 26 the spectral data of saline only solution, i.e., 0 mmol∕L Liþ, was subtracted from the remainder of collected spectra, which as a result showed intensity variations in absorption minima between 605 and 560 nm that correlate with the amounts of lithium in the sample, i.e., higher lithium concentrations in a sample expressed more intense absorptions.
As the bands of interest have been identified, tests were repeated on spiked samples of human blood plasma. Table 2 shows the FEP readings of prepared samples and the extrapolated molar concentrations of lithium, which were used as a reference in calibrations. Figure 2 shows the second derivative spectra of the same solutions. The spectral data of nonspiked blood plasma were used as a reference and subtracted from subsequent measurements. The figure shows a minima band around 604 nm that corresponds directly with lithium concentration, and a second minima around 555 nm expressing a less linear relationship with lithium levels. The regression calibration of spectral data against FEP measurements is shown in Fig. 3 . The calibration was carried out using full-range spectra, i.e., 510 to 650 nm, and after applying mean centering and random cross validation. The results indicated that a high correlation existed between the measured and predicted lithium values, with an R 2 value of 0.936588 and RMSE ¼ 0.0846769. These results can also be seen in Table 3 .
As the development of a personal lithium monitor is one of the ultimate goals of this work, and that the use of full-range spectral data requires more complex data analysis methods, the possibility of isolating only two to three specific bands of interest was also explored. By specifying a limited number of wavelengths, simple and cheaper devices can be constructed. Based on the regression analysis of FEP and spectral measurements of spiked blood (plasma) samples, the selectivity ratio was examined. This graph, shown in Fig. 4 , illustrates the usefulness of each variable, i.e., wavelength and its contribution in the calculated regression. In this case, the results support the assumption that minima bands between 604 and 555 nm indicated significant variations in the spectra and hence were most useful toward explaining the calibration data. The focus here is on minima bands as in second derivative spectra, these correspond to absorption peaks in original spectra. In addition to the two selected bands, a third at 522 nm was included as a reference. This point was selected as this region expressed the least contribution to the calibration, and hence, less susceptibility to variations in lithium concentrations.
Regression analysis was performed once again to verify the predictive ability of the selected feature wavelengths compared to that from full-range spectra. Input data were the average of points between 595 and 610 nm, 550 and 570 nm, 514 and 530 nm, respectively. Figure 5 shows the cross-validated calibration of predicted lithium levels against measured values, and based on this, it is deduced that lithium concentrations can be predicted with good accuracy (R 2 ¼ 0.960984 and RMSE ¼ 0.161955) using only three selected bands.
Furthermore, the validation of the generated calibration models was performed by testing a set of samples with unknown lithium concentrations. These samples were prepared as Table 3 Calibration, cross-validation, and prediction results of regression analysis performed on full range spectra versus analysis on selected feature wavelengths for determination of lithium levels in blood plasma.
Calibration
Cross validation Prediction Journal of Biomedical Optics 107004-4 October 2018 • Vol. 23 (10) described in Sec. 2 and tested following the same procedure. Table 3 shows the prediction statistics and the performance of the regression. It can be seen in Table 3 that although both methods had a good performance for predicting lithium levels, using only selected bands of interest improved the accuracy of prediction (R 2 ¼ 0.863921 compared with R 2 ¼ 0.794214). This assumption is illustrated by Fig. 6 , which shows a plot of the predicted concentrations of lithium resulting from both models including errors of each measurement. It is also evident that calibration and prediction results from full-range spectra are less erroneous than results from feature wavelengths, which although predicted lithium levels with more accuracy, presented greater deviations within each measurement.
Conclusions
An optical method that uses Quinizarin as a chromogenic agent was employed and modified to allow determinations of lithium levels in ultramicro volumes of blood plasma for applications in the management of bipolar mood disorder. Spectral variations in the regions between 604 and 555 nm were found to correspond linearly with lithium concentrations in spiked samples of human blood plasma, and regression analysis performed using fullrange spectra could predict lithium levels accurately. The selectivity ratio resulting from this analysis was used to select feature wavelengths. These were used as input to a second regression, which could also estimate lithium levels in samples of unknown concentration with improved accuracy, but with higher deviations between readings. Future work will focus on improving the predication ability of the calibration by testing against more unknown samples, as well as building and evaluating a miniaturized system, which would employ this measuring principle to provide readings of lithium levels in microvolumes of blood.
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